The TRAPPIST-1 planetary system is a favorable target for the atmospheric characterization of temperate earth-sized exoplanets by means of transmission spectroscopy with the forthcoming James Webb Space Telescope (JWST). A possible obstacle to this technique could come from the photospheric heterogeneity of the host star that could affect planetary signatures in the transit transmission spectra. To constrain further this possibility, we gathered an extensive photometric data set of 25 TRAPPIST-1 transits observed in the near-IR J band (1.2 µm) with the UKIRT and the AAT, and in the NB2090 band (2.1 µm) with the VLT during the period 2015-2018. In our analysis of these data, we used a special strategy aiming to ensure uniformity in our measurements and robustness in our conclusions. We reach a photometric precision of ∼ 0.003 (RMS of the residuals), and we detect no significant temporal variations of transit depths of TRAPPIST-1 b, c, e, and g over the period of three years. The few transit depths measured for planets d and f hint towards some level of variability, but more measurements will be required for confirmation. Our depth measurements for planets b and c disagree with the stellar contamination spectra originating from the possible existence of bright spots of temperature 4500 K. We report updated transmission spectra for the six inner planets of the system which are globally flat for planets b and g and some structures are seen for planets c, d, e, and f.
INTRODUCTION
TRAPPIST-1 is a ∼ 0.09M ultracool dwarf star 12.4 pc away in the Aquarius constellation (Gizis et al. 2000; Van Grootel et al. 2018) . Photometric monitoring revealed that it E-mail: artem.burdanov@uliege.be hosts a compact resonant system composed of seven transiting Earth-sized planets (Gillon et al. 2016; Gillon et al. 2017; Luger et al. 2017) . Dynamical modeling of this system based on timing variations of its planets' transits resulted in strong constraints on the planetary masses which, when combined with the radii measured from transits, point toward rocky compositions with sizable volatile contents (Grimm et al. 2018 ). With stellar irradiations ranging from 0.1 to 4 times solar, these seven planets can be qualified as "temperate", and three of them (planets e, f, and g) orbit within the "habitable zone" of the host star (Gillon et al. 2017) .
Due to the combination of relatively large infrared brightness (J ∼ 11.4, H ∼ 10.7, K ∼ 10.3) and the small size (∼ 0.12R ) of their host star, the TRAPPIST-1 planets are especially favorable targets for the detailed exploration of their atmospheres with the future ground-based extremely large telescopes and James Webb Space Telescope (JWST) (Rodler & López-Morales 2014; Barstow & Irwin 2016; Gillon et al. 2017; Morley et al. 2017; Lincowski et al. 2018) . First reconnaissance observations with the Hubble Space Telescope (HST) by de Wit et al. (2016 Wit et al. ( , 2018 showed no hint of clear H/He dominated atmospheres for the six inner planets. Further studies reassessed these findings: Moran et al. (2018) supported the presence of secondary volatile-rich atmospheres for planets d, e and f using revised masses (while not entirely ruling out a cloud-free H-rich atmosphere for TRAPPIST-1 e and f) and Wakeford et al. (2019) ruled out a clear solar H 2 /He dominated atmosphere for TRAPPIST-1 g.
A possible obstacle on the way for a proper and robust characterization of the atmospheres of the TRAPPIST-1 planets was presented by Apai et al. (2018) and Rackham et al. (2018) , who argue that the photospheric heterogeneity of the host star, and specifically spots and faculae, could alter, hide, or even mimic planetary signatures in the transit transmission spectra. Taking into account this possible stellar contamination, and basing their re-analysis on existing HST near-IR data, Zhang et al. (2018) predicted considerable changes of the transit depths of TRAPPIST-1 planets with wavelength. Work by Ducrot et al. (2018) disproved these predictions by producing featureless broadband transmission spectra for the planets in the 0.8-4.5 µm spectral range, and showing an absence of significant temporal variations of the transit depths in the visible. Furthermore, Delrez et al. (2018) showed that the 3.3 d periodic 1% photometric modulation detected in the K2 optical data set (Luger et al. 2017 ) is not present in Spitzer 4.5 µm observations, and that transit depth measurements do not show any hint of a significant stellar contamination in this spectral range. The same conclusion was reached by Morris et al. (2018b) using a "self-contamination" approach based on the measurement of transit egress and ingress durations from the same Spitzer data set.
Based on the presence of a 3.3 d photometric variability in K2 data and its absence in Spitzer mid-IR data, Morris et al. (2018a) proposed that the photospheric inhomogeneities of TRAPPIST-1 could be dominated by a few faculae (i.e. bright spots) with characteristic temperatures in excess of ∼ 1800 K relative to the effective temperature of the star (∼ 2500 K). This is globally consistent with the analysis of Rackham et al. (2018) and Zhang et al. (2018) who inferred whole-disk spot and faculae coverage fractions of ∼10 and ∼ 50% respectively, but with a much lower temperature excess of (∼ 500K) for the faculae. According to Ducrot et al. (2018) , their analyses favor two scenarios of TRAPPIST-1 photosphere: with a prevalence of a several high-latitude cold and large spots, or alternatively, a few hot and small spots.
Globally, all these studies do not yet present a consistent picture of the photospheric properties of TRAPPSIT-1, even at the observational level. For instance, the 1.1-1.7 µm combined transmission spectra presented by Ducrot et al. (2018) do not show any significant features, while the spectra obtained by Zhang et al. (2018) from the very same HST data set shows a drop around 1.4 µm attributed by the authors to an inverted water absorption feature caused by stellar contamination. Both studies agree that the HST transit depths are globally deeper than those measured at other wavelengths. Nevertheless, as outlined by Ducrot et al. (2018) , the origins of these larger transit depths could be instrumental, as the HST/WFC3 systematic effects combined with the low-Earth orbit of HST make it very difficult to normalize transit light curves as short as those of TRAPPIST-1 planets (see Subsection 3.2 in Ducrot et al. 2018) . The uncertainties affecting the absolute values of the transits measured by HST in the near-IR is unfortunate, as this spectral range encompasses the peak of the spectral energy distribution of TRAPPIST-1 (see Fig. 3 in Morris et al. 2018a ) and could bring strong constraints on the photospheric properties of TRAPPIST-1 and on the impact of stellar contamination to be expected for upcoming JWST observations of the planets. As Earth's atmosphere is partially transparent in near-IR, it is therefore highly desirable to observe as many transits of TRAPPIST-1 planets as possible in this spectral range at high precision with ground-based telescopes.
In this paper, we present an extensive photometric data set of 25 TRAPPIST-1 transits gathered in the near-IR J band (1.2 µm) with the 3.8-m United Kingdom Infra-Red Telescope (UKIRT) and the 3.9-m Anglo-Australian Telescope (AAT), and in the NB2090 band (2.1 µm) with the ESO Very Large Telescope (VLT) during the period 2015-2018. In our analysis of these data, we used a special strategy (see Subsections 3.2 and 3.3) aiming to ensure uniformity in our measurements and robustness in our conclusions. This special attention is motivated by the inherent complexity of ground-based near-IR data reduction appearing as correlations of deduced transit depths with photometric aperture sizes and comparison stars (for a comprehensive review of this topic see Croll et al. 2015) . We also report precise timings of each transit that should further constrain the masses of the planets via the transit-timing variations method (Gillon et al. 2017; Grimm et al. 2018) .
The rest of the paper is divided into four sections. First, we describe our observational data set in Section 2. Section 3 is devoted to the reduction and analysis of these data. We present and discuss our results in Section 4, and we outline our findings in the Conclusions section.
INSTRUMENTS AND OBSERVATIONS
We acquired more than 30 transits of TRAPPIST-1 planets with UKIRT, VLT, and AAT in the period from December 2015 to July 2018 through different observing programs (see Acknowledgements section for a full list of programs). For our analysis, we considered only 25 transits which satisfied the following two conditions: (1) isolated transits, i.e. not blended with the transit of another planet, and (2) taken under relatively good observing conditions, meaning transparency variations in the Earth's atmosphere were less than 30%. The distribution of these 25 transits among the different TRAPPIST-1 planets is shown in Fig. 1 .
All transits were observed in "staring mode", i.e. without dithering of the telescope. However, before and after the scientific sequence, sky flat images were acquired with dithering to construct a proper master sky flat image. An observing log is presented in Table 1 , and we outline instrument-specific information below.
UKIRT/WFCAM
The WFCAM near-IR imager of the UKIRT 3.8-meter telescope located on the summit of Mauna Kea was used to observe transits of TRAPPIST-1 b, c, d, e, f and g in the broadband J filter 1 . Those observations occurred between 2015 and 2018. The WFCAM imager consists of four 2048 × 2048 Rockwell Hawaii-II detectors with a field of view (FoV) of 13.65 × 13.65 arcmin 2 each and image scale of 0.4 arcsec pixel −1 (Casali et al. 2007 ). TRAPPIST-1 was placed in quadrant 3 (array ID number #76) as this is the cleanest of the four detectors.
Observations were made in Correlated Double Sampling (CDS) mode which is the default read mode used for all broad-band observations. These observations comprised coadding five x 1-second exposures throughout the undithered scientific sequence. The sequence was extended long enough -1 to 2.5 hours on each side of the transit, depending upon how well known the orbital period of the target planet's transit was known -to ensure that a pre-and post-transit, star-only baseline was acquired. For example, a 1 h transit of planet f, plus 1.5 h to capture the baseline out-oftransit prior to and following the transit, resulted in a 4 h total undithered scientific sequence. The dithered sky flat sequence before and after each full scientific transit sequence was composed of capturing five x 1-second co-added exposures throughout the 2.5 min sequence. (Siebenmorgen et al. 2011) . Each chip provides an image scale of 0.106 arcsec pixel −1 resulting in a 217 × 217 arcsec 2 FoV. TRAPPIST-1 was placed in the corner of the quadrant Q3 (chip #79) to allow three additional stars to be simultaneously imaged on the chip for use as comparison stars. Non-Destructive Read (NDR) was used with a 3 second exposure time and 12 sub-integrations. All transits were observed in narrow-band filter NB2090 which has a central wavelength of 2.095 µm and width of 0.020 µm. The small width of this filter minimizes the effect of differential extinction, while the combination of its central wavelength and bandwidth eliminates large absorption and emission bands present in the K band 2 .
AAT/IRIS2
We observed two transits of TRAPPIST-1 b with the IRIS2 IR-imager installed on the AAT 4-m telescope at the Siding Spring Observatory. IRIS2 IR-imager consists of one 1024 × 1024 Rockwell Hawaii-II detector which has a FoV of 7.7 × 7.7 arcmin 2 and a pixel scale of 0.45 arcsec pixel −1 (Tinney et al. 2004 ). We used 9 second exposure times and observations were done in the J band. The telescope was pointed in such a way as to prevent TRAPPIST-1 and comparison stars from falling in the upper right quadrant of IRIS2, which had excessive noise.
DATA REDUCTION AND ANALYSIS
In this section, we describe the entire data handling process which consisted of a preliminary reduction of the images, photometric extraction of the stellar fluxes, performing differential photometry, and deducing transit parameters with the use of an adaptive Markov Chain Monte Carlo (MCMC) code (Gillon et al. 2012 (Gillon et al. , 2014 . Each transit was first analysed individually to obtain its parameters and to search for possible temporal variability (subsection 3.3). For each planet, global MCMC analyses of all the transits were then performed (section 3.4), although separately for each filter.
Image calibrations

UKIRT/WFCAM
All images obtained with the UKIRT telescope were pre-processed by the Cambridge Astronomy Survey Unit (CASU) and then were downloaded from the WFCAM Science Archive (WSA). Reduction steps completed by CASU include: dark-correction, flat-fielding, gain-correction and decurtaining (a specific correction for WFCAM 3 data). No linearity correction was applied as the system is linear to < 1% up to the saturation regime 4 (∼ 40 000 counts/pixel) and maximum counts on TRAPPIST-1, which was the brightest star in the FoV, never exceeded 15 000 counts.
Then the values of the bad pixels (deviating by 3σ when classified as background sky values and 40σ for stars, where σ is sky background noise) were replaced with the median values of the neighbouring pixels.
the same procedure outlined for the UKIRT data to deal with the bad pixels. As with UKIRT data, no linearity correction was applied because the detector is linear to < 1% below 30 000 counts and maximum counts on TRAPPIST-1 were below 20 000.
AAT/IRIS2
All the images from AAT were treated similarly to the data from VLT except for the manual creation of the master dark and flat images.
Photometric extraction
After the preliminary reduction steps described above, we applied the subsequent procedures to the data from all the telescopes. All images of each observing run were aligned with respect to the first image of the run (typical X and Y shifts were less than 1-2 pixels). Then we created a median stacked image from all the aligned images to run a star identification algorithm. Positions of the stars on the stacked image were identified with intensity-weighted centroids. Then we extracted fluxes of the stars on each image with eight different circular apertures, sky buffers, and sky annuli using DAOPHOT (Tody 1986 ). Aperture sizes were defined as 1, 1.5, 2, 2.5, 3, 4, 5, 6 × FWHM, where FWHM is the mean full width at half maximum of the star's point spread function (PSF) in the image. For each star, the sky background was measured in an annulus beyond the stellar aperture using the median sky fitting algorithm implemented in PyRAF/DAOPHOT. Radius of the annulus was defined as 3× FWHM, and its width as 5× FWHM.
At that stage, differential photometry was carried out using a custom-made code: for all apertures, a given target star T and a list of comparison stars (C1, C2,, etc...), we computed the ratio F T /(F C1 + F C2 +...) for each image, where F is the flux of a star corrected for the sky background. We derived photometric uncertainties with the use of a "CCD equation" (Howell 2006) taking into account dark current, read-out noise, stellar scintillation and sky Poisson noise.
At first, we followed the approach to differential photometry and transit light curve analysis that is generally used for ground-based transit photometry obtained in the visible (Ducrot et al. 2018) . The best aperture size and combination of comparison stars were selected on the basis of the minimization of the out-of-transit (OOT) scatter of the light curve. Similar to other scientists dealing with near-IR ground-based observations, we found out that this approach is not optimal as it appears to induce correlations of transit depths deduced from the MCMC analysis with aperture size and with the used comparison stars (see Croll et al. 2015 and Clark et al. 2018) . While the exact sources of these correlations are unknown, we suspect that more likely they are coming from a combination of these factors: brightness and color differences of the TRAPPIST-1 and reference stars (the target star is the brightest and the reddest star in the FoV while reference stars are fainter and much bluer); spatial separation of the target and reference stars on the sky and on the detector, which make effects of the detector systematics and of the Earth's atmosphere display themselves differently for the target and reference stars.
We found that different combinations of the reference stars and aperture sizes can be equally good in terms of the OOT scatter, but give significantly different transit depths for a given observing run. Thus, if such an approach is applied to the entire TRAPPIST-1 data set, then one can not truly discriminate temporal variations of the transit depths caused by this near-IR photometry effect, or caused by physical stellar contamination coming from the star, e.g., from unocculted star spots, or caused by some other astrophysical process. Therefore, selection of the photometric aperture size and suitable comparison stars is a non-trivial and important step. In the next section, we describe how we rigorously approached our analysis to yield credible and robust transit depths, as well as transit timings, durations and impact parameters.
Individual analysis
One way to robustly determine output metrics is to begin by producing a large set of differential light curves for each transit, based on different combinations of apertures and comparison stars. Each light curve within this set is then analyzed with the MCMC code and the metric RMS × β 2 r (proposed by Croll et al. 2015 ) calculated for each. Only those combinations whose output metric meet the criteria of RMS × β 2 r < 1.15 × [RMS × β 2 r ] min (less than 15% above the minimum metric) are selected.
Here RMS is the root mean square of the photometric residuals after the subtraction of the transit best-fit model and β r is a quantitative factor used to assess the amount of red (correlated) noise in our time-series (Winn et al. 2008) . After this selection is done, posterior probability distribution functions (PDFs) from the MCMC runs of the selected light curves are combined for each transit parameter. Use of this metric allows us to find a proper balance between small aperture radii, which tend to produce the smallest RMS, and large aperture radii, which minimizes the timecorrelated noise (β r ∼ 1).
For our MCMC analyses, we used the quadratic limbdarkening (LD) law coefficients u 1 and u 2 with a normal prior distributions. LD coefficients values and corresponding uncertainties were interpolated from the paper by Claret et al. (2012) . Respective values for J band were u 1 = 0.19 ± 0.04 and u 2 = 0.50 ± 0.12, and for the NB2090 band -u 1 = 0.23 ± 0.05 and u 2 = 0.33 ± 0.08.
Each transiting light curve was modeled using the model by Mandel & Agol (2002) multiplied by a baseline polynomial model aiming to account for the correlation of the measured fluxes with the variations of external parameters such as the x-and y-drift of the stars on a chip due to imperfect telescope tracking, FWHM, time, airmass, sky background values, etc. For each observing run, we first selected a baseline model by running a relatively short chain of MCMC with 10 000 steps with different combinations of external parameters on a limited set of light curves which were, in their turn, obtained with varying combinations of comparison stars and aperture sizes. A model giving the minimum Bayesian Information Criterion (BIC, Schwarz 1978) was selected, and this model worked efficiently for all the light curves within one observing night. Typically, accounting for the drift of the positions of the stars, for sky background variations, and FWHM changes decreased the BIC significantly. Selected Table 2 . Details of TRAPPIST-1 transit light curve analyses. Baseline function is a polynomial of time (t), mean FWHM of the star's PSF in the image ( f whm), position of the star on the CCD (xy), airmass (A) and/or sky background (sky). The epoch is calculated using the transit ephemeris reported in Delrez et al. (2018) . baseline functions for each observing run are presented in Table 2 . For each light curve of every observing run, we allowed the following parameters to vary (jump parameters): the mid-transit time T 0 ; the ratio of the planet's and star's areas (R p /R ) 2 , where the planetary radius is R p and the stellar radius is R ; the transit width W (duration from the first to last contact); the impact parameter b = a cos i p /R assuming circular orbit, where a is the semi-major axis and i p is the orbital inclination; the combinations c 1 = 2u 1 + u 2 and c 2 = u 1 − 2u 2 where u 1 and u 2 are the quadratic limbdarkening coefficients. The orbital period for each planet was kept fixed to the values presented in Delrez et al. (2018) . Uniform non-informative prior distributions were assumed for all jump parameters. TRAPPIST-1's effective temperature T eff = 2516 ± 41 K, its mass M = 0.089 ± 0.006 M and its metallicity [Fe/H]= 0.04 ± 0.08 were applied from Van Grootel et al. (2018) with normal prior distributions.
ID
For every transit observation, we formed differential light curves using all possible combinations of the comparison stars and aperture sizes. Typically, there were 5-6 suitable comparison stars, and with eight apertures, it produced 400-500 individual light curves for a given transit. However, in the case of VLT data, we had just two suitable reference stars. For each light curve, we ran MCMC with 40 000 steps to estimate a best-fit value for the metric RMS × β 2 r , to select light curves and to compute correction factors CF to rescale photometric error bars (see Gillon et al. 2012 for the details). Then for each best light curve, an MCMC model with two chains of 100 000 steps were executed with correction factors. We controlled the convergence of the chains by applying the statistical test of Gelman & Rubin (1992) and checking that it was less than 1.11 for each jump parameter. Posterior PDFs derived from the analysis of these selected light curves were combined afterward for each transit parameter. Our MCMC simulations were parallelized and were done with the use of the Consortium desÉquipements de Calcul Intensif (CÉCI) computing center. Transit depths, timings, durations and impact parameters deduced from our analysis are shown in Table 3 and transit depths are discussed in the Results and Discussion section. We plot individual transit depths in Fig. 2 .
By using the approach of combining PDFs of the light curves selected basing on the RMS × β 2 r metric for every transit, our errors on transit depths tend to increase compared to the analysis of a single 'best' light curve. But this approach gave robust estimates of the transit depths, which is critical in the assessment of their temporal variability and associated possible stellar contamination. 
Global analysis
For each planet, we ran a global MCMC analysis of all the transits to check the consistency of the transits depths from the individual MCMC analysis. We used only one light curve from the set of all light curves selected for each transit observation. Said light curve's median value of the posterior PDF for the transit depth was the closest to the median value obtained from the combination of all the PDFs deduced from the set of best light curves for a particular transit. These light curves are presented in Appendix A1 along with corresponding RMS versus bin size plots made with the MC 3 software (Cubillos et al. 2017) to assess the amount of correlated (red) noise in our time-series. The global analysis was performed for each planet in each filter -TRAPPIST-1 b-g in J band and TRAPPIST-1 b in NB2090 band. We note that there is only one transit of planet c in NB2090 band. Jump parameters were the same as for the individual analyses (see Subsection 3.3), but with an addition of a Transit Timing Variation (TTV) for each transit. Period P and initial transit epoch T 0 were fixed to the values from Delrez et al. (2018) . Thus there were seven common parameters for all transits (stellar parameters including LD coefficients + transit impact parameter b) and two individual parameters for each transit (dF and TTV). We used the same photometric baselines that were applied in the individual analyses. First, we ran MCMC with 10 000 steps to estimate the correction factors, CF, and then two chains of 100 000 steps with 20% burn-in phase were executed to derive the transit parameters. Their convergence was checked as well with the test of Gelman & Rubin. Deduced transit depths are presented in Table 4 and detrended phase-folded light curves for each planet and bandpass are presented in Fig. 3 .
RESULTS AND DISCUSSION
Transit depths variability
To assess how transit depths change from epoch to epoch, for each planet we compared the depths inferred from the individual analyses with the one measured from the global analysis of all transits (see Table 3 and Table 4 , respectively). We conclude that the individual transit depths of TRAPPIST-1 b, c, e, and g are consistent with the values deduced from the global analysis at better than 1-σ, and that the maximum standard deviation of the measured individual transit depth does not exceed 260 ppm (the case of TRAPPIST-1 b, where the depth inferred from light curve #8 could deviate the most because of a data gap during the egress and a short OOT baseline which prevents us from properly modelling the systematic effects during the observing run). We note that our initial standard deviation of the measured individual transit depth of planet b, which was obtained using a classical approach to differential photometry by minimization of the OOT RMS, was 1000 ppm. However, even with a rigorous approach, transit depths of TRAPPIST-1 d and f show temporal variations from epoch to epoch, with peakto-peak values of 1800 ppm, and 2400 ppm, respectively, and standard deviations are larger than the mean errors.
We note that there are only three transits for planets d and f, the two that appear to have noticeable temporal variations (Ducrot et al. (2018) also reports temporal variations of planet d basing on 10 transits from K2 ). In the case of planet d, all transit observations were done in photometric conditions, but the first transit (light curve #15) has larger error bars than the others, most likely because of a data gap during an egress. Another transit of TRAPPIST-1 d suffered from a short data gap in the bottom part (light curve #16). In each case, after resuming the observations, the telescope pointing held, holding all the stars within 1 pixel from their initial positions, but gaps during the ingress/egress could affect transit shapes, which could affect our deduced transit depths. A similar situation can be seen during a transit of planet b (above-mentioned light curve #8), where a data gap is also present during an egress. However in the case of a transit of planet g (light curve #25) data gap during ingress and short OOT baseline are also present, but the deduced transit depth is consistent with previous measurements (light curves #23 and #24) . In the case of planet f, the first transit was observed in thin cirrus conditions (light curve #20), the second transit shows a possible spot-crossing event (light curve #21) and the third transit suffered from thin cirrus before the ingress (light curve #22). All transits of TRAPPIST-1 d and f were observed with UKIRT in J band with the same instrumental setup. As precipitable water vapour (PWV) has drastic influence on the opacity of Earth's atmosphere in the near-IR and thus impacts near-IR photometry, we checked each observing night for the amount of PWV 6 and we could not find any correlations between deduced transits depths and the amount of PWV. Besides possible effect of thin cirrus clouds, we could not attribute transit variations in depth to other external factors, such as the position of the star on the chip, mean FWHM, time, airmass or sky background values or any combination of these. Thus we conclude that for now our apparent high scatter of transit depths for planets d and f likely originate from the effects of the data gaps, thin cirrus or the spot-crossing event.
Interestingly, all transits of TRAPPIST-1 d and f in the near-IR were obtained in one observing season during Summer and Autumn of 2017. Some of the transits of TRAPPIST-1 b, c, e, and g were also obtained in the same season, but their values are consistent with observations made in other seasons. In Fig. 4 we display the ratio of an individual transit depth to the average transit depth inferred from the global analysis for each planet as a function of Julian Date. If the scatter noticed for planets d and f originated from a maximum of the star's magnetic cycle in 2017, we would expect the transits of the other planets to have been affected too. The fact that it was not the case argues against this hypothesis.
All our observations were centered only on transit windows with the longest observing window lasting 5 h which makes it hard to properly sample the rotational period of the star, reported to be ∼3.3 d basing on the K2 data (Luger et al. 2017) . However, this period could be a characteristic timescale of active regions (Morris et al. 2018a ). In any case, more transit observations of TRAPPIST-1 planets, especially of planets d and f, and frequent photometric monitoring of the host star are needed to confirm astrophysical origin and understand the real cause of transit depth variations of TRAPPIST-1 d and f. 
Updated transmission spectra and stellar contamination
We updated the transmission spectra of TRAPPIST-1 b-g planets presented in Ducrot et al. (2018) by adding transit depths deduced from our global analysis in J and NB2090 bands. Our data set only includes two NB2090 band transits of TRAPPIST-1 b and one of TRAPPIST-1 c which is a cleaner, narrower bandpass (see Subsection 2.2). Additional transit depth measurements are especially needed with this bandpass to improve the precision. The updated transmission spectra is presented in Fig. 5 . We note that transit depths of planet b in the near-IR are consistent with previously published non-HST transit depth measurements. They lie in most cases within ∼ 1-σ of the HST results, but are consistently shallower in depth.
HST measurements in their turn could be affected by the telescope orbit-dependent systematic effects, which could result in much deeper transit depths (see de Wit et al. (2016) , Subsection 3.2 in Ducrot et al. (2018) and Zhang et al. (2018) for details). For TRAPPIST-1 c our deduced transit depths also disagree somewhat with HST measurements and show, like TRAPPIST-1 b, shallower transits comparing to Spitzer 4.5 µm depths, but lie within the 3-σ interval. Transit depths of TRAPPIST-1 d are in agreement with HST data, and show excellent agreement for g. For planets e and f our deduced depths in 1.2 µm are deeper than all published depths in other spectral ranges. But these findings are based on just two transits of TRAPPIST-1 e, and transits of TRAPPIST-1 f show considerable temporal variations.
Though there is a certain difficulty in obtaining absolute near-IR transit depths, it may be mitigated by using different instruments with partially overlapping wavelength bands. This mitigation procedure requires spectra taken with different instruments requires simultaneous multi-instruments observations in order to avoid compensating for time-and wavelength-dependent effects that may contaminate a planetary transmission spectrum, such as the epoch-dependent brightness distribution of the host star.
We also added our depth measurements for planets b and c to the stellar contamination spectra proposed by Morris et al. (2018a) , which originate from the possible existence of bright spots of temperature 4500 K. We find that the prediction implies a flat contamination spectrum for wavelengths redder than 0.7 µm and that this model disagrees with what we see in near-IR (see Fig. 6 ). Since the real distribution of the spots and their temperatures are unknown, the TRAPPIST-1 system would benefit from additional monitoring in the near-IR to put better constraints on contamination models. In addition, current contamination models only account for spots or faculaes or their combinations, but the atmosphere of TRAPPIST-1 could contain dust. Miles-Páez et al. (2019) using linear polarization photometry in the near-IR J band finds hints that the atmosphere of TRAPPIST-1 is quite dusty. Likely, this should also be included for proper accounting of stellar contamination.
CONCLUSIONS
We presented here an extensive photometric data set of 25 transits of TRAPPIST-1 observed in the near-IR with UKIRT and AAT in J band (1.2 µm) and with the VLT in the NB2090 band (2.1 µm) from 2015 to 2018. We deduced individual transit depths for each transit taking into account inherent to ground-based near-IR observations correlations of transit parameters with the selected sets of comparison stars and photometric aperture sizes to obtain results as robust and uniform as possible.
We reach a photometric precision of ∼ 0.003 (RMS of the residuals), and we detect no significant temporal variations of transit depths of TRAPPIST-1 b, c, e, and g, while 
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. . Figure 5 . Transmission spectra of TRAPPIST-1 b-h planets. The solid black line is the weighted mean of all measurements excluding HST presented in Ducrot et al. (2018) with corresponding 1-σ confidence intervals in shades of gray and numerical values on the right. HST measurements are presented as grey points. Measurements in the near-IR (1.2 µm and 2.1 µm) from this study are presented as colored circles with white center. Each point is a median value of the posterior PDF and its respective 1-σ from the global analysis at the effective wavelength of corresponding instrument.
transit depths of planets d and f show hints of variability with peak-to-peak values of 1800 and 2400 ppm, respectively. Besides thin cirrus observing conditions, we could not link these depth variations to any external parameters, including the amount of precipitable water vapour, the position of the star on the detector, the mean FWHM, etc. We deduce that they likely originate from a few abnormal transits that were affected by thin cirrus, data gaps or, for . . . .
Transit Depth [%] TRAPPIST−1 b+c Figure 6 . Stellar contamination spectra proposed by Morris et al. (2018a) originating from possible existence of bright spots of temperature 4500 K (gray continuous line) with plotted observed depth variations displayed as red points (depths from HST are presented as grey points). The gray horizontal bars are the bandintegrated value for stellar contamination spectra where the integrals are weighted uniformly in wavelength.
one, by a possible spot-crossing event. Considering the small number of observed transits for TRAPPIST-1 d and f, the system would benefit from more transit observations and from frequent monitoring in the near-IR to probe photometric activity of the host star, to better characterize its photospheric homogeneity and to understand if hints of temporal variability are of astrophysical origin.
We did not detect any flare nor transit that could be attributed to other undetected planets. One possible clear spot crossing event of TRAPPIST-1 f is presented in light curve #21 with an amplitude of 200 ppm. We also computed transit timings which will be helpful for further mass and densities updates of the planets via TTV studies. Our depth measurements for planets b and c disagree with the stellar contamination spectra proposed by Morris et al. (2018a) , which originate from the possible existence of bright spots of temperature 4500 K. Finally, updated transmission spectra are presented for the six inner planets of the system. We conclude that spectra of TRAPPIST-1 b and g are globally flat, but some structures are seen for planets c, d, e and f what could be epoch-dependent and coming from the stellar origin.
